1. The fate of (-)-quinic acid has been investigated in 22 species of animals including man. 2. In man and three species of Old World monkeys, i.e. rhesus monkey, baboon and green monkey, oral quinic acid was extensively aromatized (20-60%) and excreted in the urine as hippuric acid, which was determined fluorimetrically. 3. In three species of New World monkeys, i.e. squirrel monkey, spider monkey and capuchin, in three species of lemurs, i.e. bushbaby, slow loris and tree shrew, in the dog, cat, ferret, rabbit, rat, mouse, guinea pig, hamster, lemming, fruit bat, hedgehog and pigeon, oral quinic acid was not extensively aromatized (0-5%). 4. In the rhesus monkey, injected quinic acid was not aromatized, but largely excreted unchanged. 5. In rhesus monkeys pretreated with neomycin to suppress gut flora, the aromatization of oral quinic acid was considerably suppressed. 6. In rats and rhesus monkeys [14C]quinic acid was used and this confirmed its low aromatization in rats and its high aromatization in the monkeys. 7. Shikimic acid given orally was excreted as hippuric acid (26-56%) in rhesus monkeys, but not in rats. 8. The results support the view that quinic acid and shikimic acid are aromatized by the gut flora in man and the Old World monkeys.
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Lautemann (1863) showed that in man ingested (-)-quinic acid (1,3,4,5-tetrahydroxycyclohexanecarboxylic acid), a compound occurring in tea, coffee, fruits and vegetables, was excreted to a large extent as hippuric acid. This has been confirned by several authors (Quick, 1931; Beer, Dickens & Pearson, 1951; Bernhard, Vuilleumier & Brubacher, 1955; Cotran, Kendrick & Kass, 1960) . Beer et al. (1951) found little or no aromatization of orally administered quinic acid in rabbits and rats or of the subcutaneously injected acid in guinea pigs and cats. Both Bernhard et al. (1955) and Cotran et al. (1960) have reported a substantial conversion of oral quinic acid into hippuric acid in guinea pigs. A high conversion has been reported in sheep but a low one in man and dog (Vasiliu, Timosencu, Zaimov & Coteleu, 1940; Bernhard, 1937) . Cotran et al. (1960) have shown that the administration of neomycin in doses sufficient to inhibit bacterial multiplication in the intestine prevents the conver-sion of quinic acid into hippuric acid in man.
They also showed that in the guinea pig aromatization occurs when quinic acid is given by mouth, but not when given intraperitoneally. Asatoor (1965) found that aromatization occurs in rats given quinic acid orally but not in neomycin-treated rats. It thus appears that there may be species differences in the extent of aromatization of quinic acid and that these differences may be related to gut bacteria, which may be responsible for the conversion of quinic acid into benzoic acid. Davis & Weiss (1953) have shown that coliform bacteria can aromatize quinic acid, but Mitoma, Posner & Leonard (1958) found no aromatization of quinic acid by guinea-pig liver homogenates capable of aromatizing cyclohexanecarboxylic acid or by a human liver homogenate, which, however, could not aromatize cyclohexanecarboxylic acid. Some of the results quoted in this paper have been briefly reported (Adamson, Bridges & Williams, 1966; Adamson, Bridges, Evans & Williams, 1969 Tables 2 and 3 . They were obtained from animal dealers mainly in the London area and were maintained on an appropriate diet. All the sub-human primates were kept on the same diet, which consisted of fruit (banana and apple) and diet 41B rat food [Herbert C. Styles (Bewdley) Ltd., Bewdley, Worcs., U.K.]. The animals were kept on a constant diet for several days before the administration of compounds and during the experiments. Quinic acid or shikimic acid was administered orally dissolved in water to which NaHCO3 had been added to bring the pH of the solution to 7-8. To suppress gut flora in rats, neomycin sulphate (100mg) in water was administered twice daily by mouth for 6 days, whereas rhesus monkeys received 2g daily for 4 days before the administration of quinic acid. Urine and faeces were collected daily.
Determination of hippuric acid. The method used was essentially that of Ellman, Burkhalter & La Dou (1961 butan-l-ol-ethanol-water-acetic acid (30:10:10:1, by vol.) . NR, naphtharesorcinol spray (Bridges, Kibby & Williams, 1965) . The dried paper was illuminated with u.v. light (254nm) from a Hanovia Chromatolite lamp and the appearance of the spots observed at room temperature immediately after pouring liquid N2 on to the paper: q, a dark spot due to quenching of the background fluorescence of the paper; -, neither colour nor quenching. SPECIES VARIATION IN QUINIC ACID METABOLISM Surrey, U.K.). The radioactivity of the Ba14C03 was also counted as a suspension in a dioxan gel with a Packard Tri-Carb scintillation spectrometer (model no. 3200). The urine and faeces were freeze-dried. The dried urine was dissolved in the minimum of 90% (v/v) ethanol (2-5 ml) and the dried faeces were suspended in the same volume of ethanol. Samples (0.05 ml) of these were then spotted on Whatman no. 1 paper, dried and chromatographed (descending) in solvent A or B (Table 1 ) against reference spots of the possible metabolites. After drying, the paper was cut into 3.8cm strips, which were run through a Packard radiochromatogram scanner (model 7200). Monkeys receiving [14C]quinic acid were kept in a metabolism cage which allowed the collection of urine. The radioactive urine was examined as described for rats.
E8tsmation of hippuric acid. Hippuric acid (0.5g) was added to the radioactive urine (5-20ml), which was adjusted to pH 10 with lOM-NaOH. The urine was then adjusted to pH2 with lOM-HCl and extracted with ethyl acetate (3x40ml). The extract was evaporated under reduced pressure and the residue of hippuric acid was recrystallized from water to constant specific radioactivity (m.p. 1860C); this was checked by conversion into the p-nitrobenzyl ester, m.p. 1360C.
Incubation of quinic acid with monkey liver. The liver of a rhesus monkey killed rapidly by a lethal intravenous injection of pentobarbital (150mg/kg) was quickly removed and homogenized in a Waring Blendor with 3vol. (v/w) of 0.15M-KCI containing lmM-EDTA. The incubation mixtures consisted of liver homogenate (2ml), 0.1M-sodium phosphate buffer, pH7.4 (2ml), and (-)-quinic acid (5, 10 or 20mg in 1 ml of water) in test tubes. Controls consisted of benzoic acid (5mg in 1 ml of water) or water (1 ml). The tubes were kept for 1 h at 370C in a shaking water bath, after which time 25%
(w/v) trichloroacetic acid (2ml) followed by ethanol (5ml) was added to each tube. The tubes were shaken mechanically for 15min and then centrifuged at 2000g for 10min. Benzoic acid in samples of the supernatant was then determined fluorimetrically as described above for hippuric acid except that the fluorescence wavelength used was 388nm with excitation at 258nm. The recovery of benzoic acid (5mg) from incubation mixtures was 99±1%. To ensure that the homogenate was enzymically active, its ability to hydroxylate biphenyl (Creaven, Parke & Williams, 1965) and to acetylate sulphadimethoxine (Bridges, Kibby, Walker & Williams, 1969) was examined.
RESULTS
Fluorescence. The fluorescences of quinic acid, shikimic acid and 17 benzene derivatives at a concentration of 5,ug/ml in 70% sulphuric acid were examined in an Aminco-Bowman spectrofluorimeter. Quinic acid, shikimic acid, phenylacetic acid, 3-hydroxy-, 4-hydroxy-and 3,4-dihydroxybenzoic acids, benzyl alcohol, benzene and toluene showed no fluorescence in this solvent even in concentrations up to 500,ug/ml. Benzaldehyde, benzamide, benzonitrile, salicylic acid, p-aminobenzoic acid, phenol and catechol showed a weak fluorescence in this solvent, but the maximum wavelengths of the fluorescences were different from those of benzoic acid and hippuric acid and the intensities of the fluorescences were less than 1%, usually less than 0.3%, that ofbenzoic acid. Benzoic acid and benzoyl glucuronide fluoresced strongly at Ama.. 388nm (activation, Ama.. 258nm) and hippuric acid at Ama.. 366nm (activation, A.ma. 259nm). The relative intensities of these fluorescences were benzoic acid, 100, and hippuric acid, 54. Benzoic acid and hippuric acid were fluorescent with a constant intensity (stable for about 4h) in 4.5-17.5M-sulphuric acid, but in sulphuric acid less concentrated than 4.5m this fluorescence rapidly diminished and at pH0 (0.5M-sulphuric acid) hadvirtually disappeared. The fluorescence was partly quenched by urine, but this quenching could be allowed for by using internal standards. Benzoic acid and hippuric acid in 70% sulphuric acid fluoresce maximally at slightly different wavelengths. In most of the animals examined, however, the main metabolite of benzoic acid at a dose of 50mg/kg in the urine is hippuric acid, except in the ferret and fruit bat, in which benzoyl glucuronide predominates (J. W. Bridges, M. R. French, R. L. Smith & R. T. Williams, unpublished work).
Aromatization of quinic acid in various 8pecies. The excretion of hippuric acid after oral doses of quinic acid in ten species of primates is shown in Table 2 . The hippuric acid was determined fluorimetrically and the amount of conversion of quinic acid into hippuric acid was assessed by subtracting the hippuric acid found in the urine excreted for 24h before dosing from that excreted during the 24h after dosing. Since the normal output of hippuric acid was variable, small con%ersions of quinic acid into hippuric acid cannot be detected in this way and apparent conversions of 5% may or may not be significant. Low conversions can only be detected by using [14C]quinic acid and determining the conversion by isotope dilution or by radiochromatogram scanning as was done for the rat (see Table 4 ). Gross conversions, however, are readily shown by the fluorimetric method, and it is clear from Table 2 that in man and the Old World monkeys extensive aromatization of quinic acid occurs. The conversion is over 60% of the dose in man and 20-60% in the three species of Old World monkeys examined. In the three species of New World monkeys and three species of Prosimii (lemurs) examined, aromatization is low or does not occur. In Table 3 , one species of bird, the pigeon, and 11 species of lower mammals are listed and none of these convert quinic acid into benzoic acid conjugates to any great extent. All the species listed in Tables 2 and 3 The fate of "4C-labelled quinic acid was examined in two species, the Wistar albino rat and the rhesus monkey. In the rat, about 90% of the administered 14C radioactivity was accounted for, some 33% being excreted in the urine and 22% in the faeces, while 32% appeared in the expired air as CO2 (Table 4) . Five radioactive peaks were detected by radiochromatogram scanning in the urine of some of the rats. Labelled hippuric acid was found in the urine of five out of six rats in small amounts, except in one rat in which the output reached 12.7% ofthe dose as determined by isotope dilution. One of the other metabolites was unchanged quinic acid, which was found in the urine of four of the six rats in amounts varying from 5 to 33% of the dose as determined by radiochromatogram scanning. A third metabolite behaved chromatographically like shikimic acid, but its identity was not proved unequivocally. The other two metabolites, which were found in the urine of three of the six rats, were not identified.
In the rhesus monkey, only the urine was examined and only one metabolite was found by radiochromatogram scanning. This metabolite was hippuric acid, which accounted for about 80% of the 14C radioactivity excreted in 24h (32% of the dose, range 21-46% in four monkeys) as determined by isotope dilution. In this particular experiment 25 (17-35)% of the dose of quinic acid was excreted in 24h as hippuric acid. When [14C]quinic acid was injected intraperitoneally into the monkey, 67% of the 14C radioactivity was excreted in the urine in 24h, and by radiochromatogram scanning and isotope dilution no [14C]hippuric acid was formed and the only radioactive compound found in the urine was quinic acid.
Effect of neomycin on the aromatization of quinic acid in the rhesus monkey. The effect of pretreating three rhesus monkeys with neomycin orally for 4 days on the excretion of hippuric acid after the oral administration of quinic acid is shown in Table 5 . In this experiment hippuric acid was determined fluorimetrically and covers a period of 51 days. Table 5 shows that neomycin, which suppresses the gut flora, suppresses not only the aromatization of quinic acid but also the normal output of hippuric acid, as shown on days 5-7. If quinic acid is administered to monkeys intraperitoneally, no increase in hippuric acid output above normal occurs (see days 50 and 51 in Table 5 ). These results strongly suggest that the aromatization of quinic acid is dependent on the gut flora.
Incubation of quinic acid uwth rheus-monkey liver. In two experiments with a liver homogenate from one monkey, no benzoic acid formation from quinic acid was detected. hydroxylate biphenyl at the rate of 1.3,umol/h per g of liver.
Conversion of shikimic acid into hippuric acid. Shikimic acid (3,4,5-trihydroxycyclohex-1-ene-1-carboxylic acid) is a possible intermediate in the conversion of quinic acid (1,3,4,5-tetrahydroxycyclohexane-l-carboxylic acid) into benzoic acid. When this compound was given orally to rats and rhesus monkeys, little or no increase in hippuric acid output occurred in rats, but there was a considerable conversion into hippuric acid in the monkeys, some 41% (range 26-56% in two monkeys in four experiments) of the dose being excreted in the urine as hippuric acid (see Table 6 ). If, however, the shikimic acid is injected intraperitoneally into the monkeys, little if any increase in the hippuric acid output occurs.
DISCUSSION
The results described in this paper show that, in 22 species of vertebrates examined, extensive conversion of orally administered (-)-quinic acid to hippuric acid occurs only in man and the Old World monkeys (Table 2 ). In New World monkeys, lemurs, 11 species of lower mammals and one species of bird, the pigeon, the extent of this conversion is either low or non-existent (Tables 2 and 3 ). The pigeon is known to conjugate benzoic acid with glycine like mammals and not with ornithine as is the case with several other classes of birds (Baldwin et al. 1960) . Taking the rhesus monkey as an example of an Old World monkey, it was found that in this monkey aromatization of quinic acid did not occur to a significant extent if the acid were given Table 6 . Conversion of shikimic acid into hippuric acid in rats and rhesus monkeys Shikimic acid neutralized with NaHCO3 in water was given orally to female Wistar albino rats (dose 0.6 g/kg) and female rhesus monkeys (dose 0.3 g/kg) unless otherwise stated. The urine collected for 24 h before dosing and 24 h after dosing was analysed fluorimetrically for hippuric acid.
Hippuric acid in urine by injection, thus avoiding the gastrointestinal canal, or if the acid were given orally to the monkey after it had been treated with oral doses ofneomycin to suppress the gut flora (Table 5 ). These findings strongly support the view that the gut flora are involved in the conversion of quinic acid into benzoic acid, and suggest that the gut organisms and the conditions necessary for the extensive aromatization of quinic acid occur only in the intestines of man and the Old World monkeys. It appears therefore that the observed species variation in the aromatization of quinic acid is dependent on variations in the gut flora rather than on variations in the activity of enzymes in the tissues of the animals (see Williams, 1967) . It is known that certain bacteria can convert quinic acid into aromatic compounds and that shikimic acid is an intermediate in this conversion (Davis, 1955) . Our experiments (Table 6) show that orally administered (but not injected) shikimic acid is, like quinic acid, converted into hippuric acid in the rhesus monkey, but not in the rat. This suggests that the steps in the aromatization from quinic acid to shikimic acid and beyond shikimic acid on the way to hippuric acid are carried out by the gut bacteria. The conversion of quinic acid into hippuric acid may be represented as follows:
Quinate -* dehydroquinate -* dehydroshikimate > shikimate -+ several intermediates -+ benzoate hippurate The last step in this sequence is carried out by the liver and/or kidney and probably by no other tissue, and there is no evidence to suggest that bacteria can conjugate benzoic acid with glycine. It is possible therefore that, in the conversion of quinic acid into hippuric acid in man and the Old World monkeys, all the steps to benzoic acid can be carried out by the gut flora. However, it has been shown (Mitoma et al. 1958; Babior & Bloch, 1966 ) that guinea-pig liver at least can convert cyclohexanecarboxylic acid via cyclohex-l-ene-l-carboxylic acid into benzoic acid, so that the tissues of certain animals are capable of aromatizing certain cyclohexane derivatives.
In the animals that produce little or no urinary hippuric acid from quinic acid, it is possible that benzoic acid is formed in the gut but is destroyed before being absorbed, for certain bacteria are known to metabolize benzoic acid to non-aromatic products (e.g. see Dutton & Evans, 1969) . However, other work in this laboratory has shown that most of the animals used in this work excreted orally administered [14C]benzoic acid almost entirely in the urine, usually as hippuric acid, so that this explanation is unlikely. It is possible that the gut flora of these animals convert quinic acid into aromatic compounds other than benzoic acid. In the rat some 20-50% of the administered quinic acid is oxidized to CO2 (Table 4) , and the urine contained small amounts of hippuric acid, some quinic acid, probably some shikimic acid and two other metabolites that were not identified but did not appear to be aromatic. However, the possibility that the lower animals after dosing with quinic acid are excreting aromatic metabolites other than benzoic acid cannot be ruled out on the evidence available.
